Introduction
The phenotype of multixenobiotic resistance (MXR) system found in aquatic organisms (1) is similar to the well-known multidrug resistance (MDR) phenomenon involved in tumor cell lines resistant to chemotherapeutic drugs (2) . MXR mechanism in aquatic organism pumps out 18 November 1996. protection against environmental toxins. Many chemical agents, the chemosensitizers, may alter the function of this fragile mechanism. The knowledge that the presence of one xenobiotic may block the pumping out of other xenobiotic(s), and hence accelerate their accumulation, may have important implications for ecotoxicology. Such property classifies these xenobiotics among top-rank hazardous water pollutants. In this overview we present the evidence for the expression of MXR-phenotype in aquatic organisms, the use of induction of MXR as a biomarker of exposure, the description of methods for measurement of concentration of MvXR-inhibitors in environmental samples, and the demonstration of toxic consequences caused by MXR-inhibitors.
MDR Phenotype in Tumor Cell Line
In MDR-positive tumor cells, a major determinant of reduced drug accumulation and a dominant feature in a model of classical multidrug resistance is the 170-kD membrane glycoprotein (P1170) (3) . P170 binds a cytotoxic drug and facilitates its efflux in an energy-dependent manner (4). Consequently, P170 mediates a reduction of drug accumulation and causes drug resistance. The gene coding for glycoprotein P170, mdrl, has been doned (5) , and its amplification and overexpression were found to be proportional to the degree of resistance in resistant cell lines (6, 7) . Some drugs, like verapamil, bind to the active site of glycoprotein P170, causing an inhibition of efflux of cytotoxic drugs and hence restoring the previous sensitivity to the cytotoxic agent (8) . In addition, P170-transporting function can be modulated by phosphorylation (9) . This posttranslational modification is catalyzed by protein kinase C (PKC); its activators, like phorbol-12-myristate-13-acetate (10), or its inhibitors, like staurosporine (11), stimulate or inhibit the efflux of drugs out of the cell.
MXR in Aquatic Organisms
Membrane vesicles isolated from the freshwater mussel [Anodonta cygnea (12) ], from the clam [Corbicula fluminea (13) identified also in C. fluminea (13) , in embryos of a marine worm [Urechis caupo (18) ], in oyster (Crassostrea gigas), and marine mussel [Mytilus edulis (19) ] in the biliary spaces from dab and in phagocytic blood cells in mussels (20) . In (34, 35) . In these tissues and organisms P170 is characteristically confined to the membranes of the luminal surfaces in secreting, absorbing, or barrier tissues, reflecting their possible physiological transport or barrier function, perhaps to protect from-and excrete-toxic natural products present in the diet, or unknown endogenous metabolites (36) or to secrete cortisol, aldosterone, progesterone and other steroids (37) .
In addition to these functions, we suggested, based on experiments with mussels and sponges exposed to vincristine or aminoanthracene (12, (15) (16) (17) , the function of pumping out "new," man-made toxic chemicals in. aquatic organisms exposed to polluted environment (1) . Thus, one could postulate that through the course of evolution the cell has developed a means of protecting itself from environmental insults by exporting toxins before they can exert their effect. One likely factor in the development of such systems was the need to protect the cell from low-molecular-weight toxins found throughout the environment, especially in foods. Thus, it is obvious that P-glycoprotein may have developed not to counteract clinically useful antineoplastics, like vincristine and vinblastine, but rather as a general, taxonomically broadly distributed, biological defense mechanism for protection of organisms from endogenous or environmental toxins. Because the same xenobiotics may induce simultaneously the expression of MDR genes (38) , drugmetabolizing genes (39-41), glutathione S-transferase gene (42) , and heat-shock proteins (43, 44) , i.e., a series of mechanisms belonging to general biologic defense system, support the conclusion that P-glycoprotein has a physiological function in the protection of cells from environmental stress. This was directly demonstrated in soil nematode (Caenorhabditis elegans): nematode strains with deleted P-glycoprotein genes, generated by transposon-mediated deletion mutagenesis, become sensitive to xenobiotics, which suggests the function of P-glycoprotein is to protect a nematode against toxic compounds made by plants and microbes in the rhizosphere (32 (46) .
Similarly, the state of induction of MXR in the gills of mussel (Mytilus galloprovinciallis) from the same scale of pollution was proportional to the level of pollution: gills from mussels living at polluted sites accumulate less vincristine, the vincristine accumulation is less sensitive to verapamil, and in most cases expresses higher levels of P-glycoprotein (47). Mussels transplanted from a unpolluted site to a polluted site for 3 days induce their MXR and behave like mussels living at a polluted site (48 (58), or through structure-based selection (59) . MDR-inhibiting properties of substances were frequently discovered in a programs initiated to identify MDR-circumventing agents among, for example, many different strains of blue-green algae, or thousands of fungi and Actinomycetes, or a variety of marine species, like tolyporphin (60) , or two naphto-g-pyrones (61) , or patellamide (62) , respectively. Most of these compounds act by increasing the intracellular concentration of cytotoxic drugs probably through direct interaction with the P-glycoprotein. Some of them have shown activity in in vivo models of MDR (63) and verapamil has been extensively tested as a modulator in the clinic (64) . However, nontoxic lipophilic agents, natural or manmade, may also be recognized and processed by this molecular mechanism, and, at high concentrations, they might consequentially saturate the system and thereby reverse multidrug resistance (65) . In addition to such nontoxic substrates of P170, there are agents that may alter the regulation of this fragile MDR mechanism, like activators and inhibitors of protein kinase C. This new class of compounds, referred to as "chemosensitizers," deserves a top rank among environmentally hazardous chemicals, as they may block the basic biologic defense mechanism and revert natural resistance to a pathobiologic sensitivity.
The development of methods to screen for such a MXR-reverting potential of xenobiotics should therefore be a rational approach for the assessment of risks from chemicals in the environment. Recently we found, using the method of Yoshimura et al. (66) with measurement of rhodamine 6G-or 3H-vincristine accumulation in a confluent monolayer of mouse sarcoma cells (S180) and S180 cells selected for resistance to doxorubycin (S180dox) in 96-wells microplate, that concentrates of polluted Sava River waters, or its sediments, contained about 3 times more MXR-inhibiting substances, expressed as verapamil-equivalents, than verapamilequivalents of MXR-reversing xenobiotics present in water or sediment concentrates from a less polluted Korana River (both in Croatia) (49) . This method has been considerably improved by use of standardized NIH 3T3 mouse fibroblasts stably expressing the human multidrug transporter (MDR-1 transfected NIH-3T3 cells) in combination with the measurement of accumulation of a calcein acetoxymethyl ester (calcein AM) (67) , an advantageous functional assay of the multidrug transporter (68) . In addition, environmental samples expressing anti-MDR potential were characterized for the nature of their interaction with the P-glycoprotein using a relatively simple, sensitive, and short-term assay described by Sarkadi et al. (69, 70) (13) .
The third demonstration of the toxicating effect of an MXR-inhibitor was done by a direct "chemosensitizer," verapamil. The time needed for the induction of mixed-function oxidase activity (EROD and benzo[a]pyrene monoxygenase) in the livers of carp exposed to a low concentration of diesel-2 oil was shortened in the presence of 2 pM verapamil to 2 days, i.e., to the period reached otherwise after exposure to five times higher concentration of diesel-2 oil, demonstrating how the inhibition of P170 glycoprotein enhances the internal dosing of diesel-2 oil (72 (74) .
Multixenobiotic resistance phenotype expressed in aquatic organisms serves as a defense mechanism that protects organisms by the mechanism that pumps out of the cell many structurally diverse lipophilic xenobiotics. The exposure to polluted water induces the expression of MXR. Thus, measurement of the level of MXR-expression can be used as a biomarker of exposure. Many classes of chemicals are capable of inhibiting the MXR mechanism. This new class of compounds, referred to as "chemosensitizers," deserves a top rank among environmentally hazardous chemicals, since it may block the basic biologic defense mechanism and revert natural resistance to pathobiologic sensitivity. Therefore the detection and control of MXR inhibitors deserves the highest priority in ecological risk assessment studies. Methods for measuring the concentration of such MXR chemosensetizers in environmental samples, or for measurement of the MXR-inhibiting property of chemicals, are available.
